Efficient weed management is essential for avoiding competition for water, light, and nutrient resources in semiarid zones. Chemical weed control with glyphosate was evaluated on perennial wall-rocket (Diplotaxis tenuifolia), artichoke thistle (Cynara cardunculus), slender wild oat (Avena barbata), and perennial ryegrass (Lolium perenne). Plants at early, middle and advanced vegetative stages were used in this study. Glyphosate potassium salt was applied at rates of 0.0675 (1/16x), 0.135 (1/8x), 0.27 (1/4x), 0.54 (1/2x), 1.08 (x) and 2.16 (2x) kg acid equivalent (ae) ⋅ ha , respectively. The volume of the spray was 100 l ⋅ ha -1 with 86 droplets ⋅ cm -2 and a Volume Median Diameter (VMD) of 421.19 µm. In general, all the tested weeds were controlled with a quarter of the label rate. Three sizes of tested plants were controlled in a similar way at the same glyphosate dose rate. Moreover, the addition of 2,4-D to glyphosate did not produce an increase in the control of broadleaf weeds. The results showed that glyphosate was effective in controlling the tested weed species, including low application rates for all the growth stages in the southwestern Buenos Aires province.
Introduction
The southwestern part (SW) of Buenos Aires province is characterized by a mixed farming system, which includes the raising of livestock and cereal production. There are more rangelands and pasturelands than croplands and cover about 70% of the total area. However, despite this fact this region makes a significant contribu tion to the cereal grain production in Argentina. The prin cipal crops in the SW of Buenos Aires province are: wheat (Triticum aestivum L.), barley (Hordeum vul gare L.) and oats (Avena sativa L.) (Scursoni et al. 2014) .
Several environmental factors limit crop production such as unfavorable climatic and edaphic conditions. For instance, low rainfall (about 580 mm), irregular fluctuation of dry and wet years, and water stress conditions at the end of spring usually occur in the area (Paoloni 2010) . In addition, shallow soil depth (<0.9 m) together with low organic matter (<3%) limits the water storage capacity (Paoloni 2010) . As a consequence, water is the principal resource primarily affecting grain yield. Thus, due to the weed competition for limited water, nutrient and light, efficient weed management is essential for the development of the area.
Different surveys conducted in the SW have determined the presence of approximately 85 plant species considered as weeds. Grasses are the most troublesome, such as ryegrass (Lolium perenne L.) and wild oats (Avena fatua L.). Lolium species have shown the highest constancy in the SW, reaching values above 50% in the last thirty years (Istilart and Yanniccari 2013) . Lolium multiflorum L. and L. perenne are the main competitors in wheat fields (Yanniccari 2014) . Similarly, A. fatua and A. barbata showed elevated degrees of infestation that greatly reduce grain production (Lamberto et al. 1997; Gigón et al. 2009; Scursoni et al. 2014) . Due to their survival strategies, together with a highly competitive growth habit, they are considered difficult to control in wheat fields (Juan et al. 1995) .
Among the broadleaf species, the Asteraceae and Brassicaceae families showed the greatest number of species cited in the field surveys (Gigón et al. 2009; Scursoni et al. 2014) . Within the Brassicaceae family, Diplotaxis tenuifolia L. (DC) (perennial wall-rocket) is the most important weed in the region, which is known to deplete soil nutrients and moisture. Another relevant broadleaf weed in the SW of Buenos Aires province is Cynara cardunculus L. (artichoke thistle, Asteraceae), which has been declared a national pest in Argentina since 1963 (Lamberto et al. 1997) .
Due to reduction of aggregate size and increasing wind erosion, a typical situation in this region, mechanical control is not the best option for reducing weed infestation (Alvarez and Steinbach 2009) , therefore weed management is mainly based on chemical control (Istilart and Yanniccari 2013) . In addition, applications are commonly characterized by a mixture of glyphosate and 2,4-D to achieve the highest control of the vegetation (Skelton 2016) .
Sustainable use of herbicides requires efficient and rational applications in order to maximize results and to avoid associated environmental problems. Principally, this includes the use of proper rates, tank mixing effective synergistic, herbicides with distinct modes of action, application at appropriate stages and under optimal environmental conditions (Ganie et al. 2017) taking into consideration the effect of environment on herbicide efficacy.
Many factors influence the correct rate of herbicide to be used, but weed size and application conditions are considered to be the most important ones (Knoche 1994 ; Fig. 1 ). In general, small plants are more sensitive than large plants, requiring lower rates of herbicides to achieve the proper phytotoxic effect. Moreover, the utilization of the appropriate volume, droplet size, droplet number, and adjuvants improves herbicide deposition on the plant and avoids the drift (Esehaghbeygi et al. 2011) .
The use of glyphosate formulations has been widely studied on several weeds as well as the optimal conditions of application (Baylis 2000) ; however, there is little information regarding the efficient use of glyphosate on regionally troublesome weeds.
We hypothesized that large plants require higher doses of glyphosate than small ones, and that this amount can be reduced with the incorporation of 2,4-D in tank mixing. Therefore, the objectives of this study were to determine: i) the optimal dose of glyphosate to control regional weeds at different stages and ii) if glyphosate combined with 2,4-D would improve broadleaf weed control.
Materials and Methods
The experiments were conducted at the Center of Renewable Natural Resources of Semiarid Zone (CER-ZOS) (CCT-CONICET, Bahía Blanca, -38°39´54.56"S -62°14'2.70"W) in 2012-2013 to determine the glyphosate dose response, and the interaction of glyphosate plus 2,4-D on weeds including: D. tenuifolia, C. cardunculus, A. barbata, L. perenne. Weed seeds were collected in spring 2012 from several populations located in Bahía Blanca, Buenos Aires province, Argentina. Harvested seeds were cleaned and stored at a low temperature (4°C) in sealed paper bags. Seeds were germinated in 9-cm Petri dishes containing a sheet of coarse filter paper, previously soaked in distilled water. Petri dishes were placed inside a growth chamber at a constant temperature (24°C). Once seeds germinated, 4 seedlings were transplanted at a depth of 1 cm each in black plastic pot containing sandy loam soil (64% sand, 15% silt, and 21% clay), representative of the region. Plants were grown under greenhouse conditions (25±4.6°C; 42±22% relative humidity) until establishment. Then, the pots were placed outside the greenhouse for acclimatization to natural conditions.
Glyphosate potassium salt was applied at rates of 0.0675, 0.135, 0.27, 0.54, 1.08 and 2.16 kg acid . To determine the interaction of the herbicides, an additional treatment of glyphosate combined with 2,4-D amine salt was evaluated at rates of 1.08 kg ae ⋅ ha -1 and 0.53 kg active ingredient (ai) ⋅ ha -1 , respectively. Rates were selected according to the label recommendations for similar weeds. Control treatments were sprayed with water only. Another set of pots, untreated at the time of application, were harvested and characterized morphologically. The plant height and weight were recorded and leaves were digitalized to calculate leaf perimeter and area, using software Image J (Abramoff et al. 2004) . The herbicide treatments were applied at three phenological stages on all the species (Tables 1, 2) .
Herbicide treatments were sprayed on September 19, 2013. One month after the herbicide applications, the plants that survived from each pot were harvested, put into paper bags, and dried at 60°C until constant weight. After analyzing the morphological characteristics of plants at the moment of application leaf number, leaf area, leaf perimeter, and total dry weight and height were found to differ significantly between the different phenological stages (Table 2) .
Application conditions
Herbicide treatments were applied using a spray chamber calibrated to deliver a spray solution of 100 l ⋅ ha -1 at 255 kPa using a constant speed of 3.77 km ⋅ h -1 . The spray chamber held an 11002 nozzle with a 50 mesh filter. Water-sensitive cards were sprayed to determine the droplet spectrum (precise droplet size and amount) using DepositScan software (Zhu et al. 2011) . The average volumetric diameter and number of droplets per unit area (drop ⋅ cm -2 ) were calculated on three sites of each water-sensitive card. Average droplet number per area was 86 droplets ⋅ cm -2 (20-30 droplets ⋅ cm -2 are recommended for systemic herbicides), while the average Volume Median Diameter (VMD) was 421.19 µm. An adequate distribution of droplets on the cards was obtained. The VMD was higher than the minimum recommended (210 µm) to avoid herbicide drift (Esehaghbeygi et. al. 2011 ). In our case, a greater number of droplets and a high VMD allowed an adequate cover and gave a high impact. The data obtained indicate that the applications were performed efficiently. 
Statistical analysis
The pots were arranged in a completely randomized design with four replicates. A four-parameter log-logistic model was used to describe biomass reduction at different herbicide rates (Seefeldt et al. 1995) :
where: y -plant biomass, C -the lower limit, D -the upper limit, b -the slope, I 50 -dose giving 50% control, x -the applied dose.
To determine the precise differences between herbicide treatments within each growth stage, it is recommended to pursue an analysis of variance (ANOVA) (Seefeldt et al. 1995) . Our data were subjected to ANOVA with fixed effect of herbicide dose. The test of normality for Shapiro Wilk and analysis of residuals for equal variance were determined with a probability of p ≤ 0.05. The means were separated using Fisher's Protected LSD test (p < 0.05). The software used for statistical analysis was INFOSTAT (Di Rienzo et al. 2015) .
Results and Discussion

Glyphosate control
Glyphosate application and the growth stages showed an interaction at 30 days after treatments (Tables 3, 4) . The regression analysis parameters are presented separately for each growth stage in Table 5 . Most of the species were controlled with a small amount of glyphosate (0.27 kg ae ⋅ ha -1 ) except for A. barbata at the advanced phenological stage. This application rate was equivalent to a quarter of the label rate, which suggested a high susceptibility of the tested species. It is noteworthy that effective control can only be achieved when application conditions are optimal, such as in this study.
The plants were stunted when they were sprayed with glyphosate at 0.135 kg ae ⋅ ha -1 compared with the untreated plants (Table 3 ). This dose did not kill the plants, but it was sufficient to reduce their size. Interestingly, despite the anatomical and morphological differences between plants belonging to different stages, the control was similar in all species at the same dose. Apparently, the optimal sprayer conditions achieved in this study resulted in all the doses having similar effects on different plant sizes. Figure 1 shows three important parameters involved in successful weed control. Our study indicated that a specific herbicide (glyphosate) sprayed under effective conditions resulted in successful control depending on the stage of plant growth.
Diplotaxis tenuifolia
Firstly, the highest efficacy (100% control) was obtained when glyphosate was applied at half of the recommended dose (0.27 kg ae ⋅ ha -1 ) on all D. tenuifolia growth stages. In addition, treatment 1 (0.0675 kg ae ⋅ ha -1 ) showed no effect on perennial wall-rocket in early and middle stages (Table 4) . Gigón et al. (2009) recorded a 91.7% biomass reduction compared to the untreated control, applying 1.32 kg ai in Adolfo Alsina (Buenos Aires Province). The dose of 0.135 kg ae ⋅ ha -1 did not control the weed in either stage, but the remaining plants were stunted (Table 3) . Adjusted regression for each plant stage is shown in Figure 2 . The effective dose for 90% control (I 90 ) was sevenfold higher in the advanced stage compared to the early stage (Table 5 , Fig. 2 ).
Cynara cardunculus
Glyphosate at 0.135 kg ae ⋅ ha -1 reduced the biomass at the early and middle vegetative stages of arti cho ke thistle, providing 100% control. However, 0.27 kg ae ⋅ ⋅ ha -1 was required in order to obtain total control at the advanced stages (Fig. 3) . Kelly and Pepper (1996) observed that 1 l ⋅ ha -1 of glyphosate was necessary previous to flowering, whereas that rate was not sufficient to control it in the advanced stages. Similarly, the older the plants in Carduus nutans (tribe Cardueae), the less control with glyphosate, obtaining 94.7, 46.8, and 33.6% control of seedlings, vegetative and mature stages, respectively (Eerens and Mellsop 2008) . Eerens and Mellsop (2008) of spray volume was applied. Monk et al. (1991) observed 90% control of C. nu tans at 1.06 kg ai ⋅ ha -1 when 187 l of spray volume was applied at the rosette stages (about 15 cm in diameter).
Avena barbata
Glyphosate at 0.27 kg ae ⋅ ha -1 was sufficient to achieve optimal control of slender wild oat in the early and middle vegetative stages. Conversely, 0.54 kg ae ⋅ ha -1 of glyphosate was necessary to obtain the best results at the advanced stage (Table 4) . Similarly, Adkins et al. (1998) obtained a seedling biomass reduction (30 days of age) of A. fatua under field capacity conditions, at 1.8 kg ai ⋅ ha -1 just 10 days after treatment applications. A control of 98-99% was obtained at two locations in Canada when 0.445 kg ai ⋅ ha -1 was applied to the 1 to 4 leaf stages of A. fatua (Blackshaw and Harker 2002) . When glyphosate was applied at 0.44 kg ai ⋅ ha -1 to A. fatua, 10 days after flowering, seed production was reduced in the main shoots even though the plants did not die (Shuma et al. 1995) . Interestingly, plant height showed the same behavior as dry mass at the used application rates (Table 3 ). The advanced stage required 4.7 fold to achieve 90% control compared with early stage (Table 5 , Fig. 4 ).
Lolium perenne
In this study, the optimal glyphosate rate for 100% control for perennial ryegrass at the early vegetative , whereas in the middle and advanced stages it was 0.27 kg ae ⋅ ha -1 (Table 4) . Similarly, Vigna et al. (2008) , who studied L. multiflorum, demonstrated that this weed can be controlled with a mean rate of 0.392 kg ai ⋅ ha -1 , whereas at the 10 cm shoot length stage (flowering), 0.6 to 1.2 kg ai ⋅ ha -1 were effective. In the present study, a spray dose of 1.08 kg ae ⋅ ha -1 was required to kill 90% of the plants. In middle and advanced stages the rate of 0.135 kg ai ⋅ ha -1 did not kill the plant but reduced plant height (Table 3 ). The effective dose for 90% control was only twofold higher in advanced stages than early growth stages (Table 5 , Fig. 5 ).
All of the weed species studied in SW Buenos Aires were effectively controlled with glyphosate at lower rates than those recommended; moreover, the results observed in this study agree with other research which indicates that the higher the weed relative cover, the less the susceptibility to herbicides (Puricelli and Faccini 2009) . It is known that plants at the early growth stages are more susceptible to herbicides, due to greater absorption of the herbicide by young and rapidly growing plants than mature ones. Similarly, certain studies reported greater control with glyphosate in common fathen (Chenopodium album) when plants were relatively smaller (Schuster et al. 2007) . Besides the increasing leaf area, there are also important changes in the cuticle features. The variations in cuticle and wax deposition may affect glyphosate efficacy (Boutin et al. 2012) . Hence, the largest doses were needed to control the oldest plants.
According to the average I 50 determined at different phenological stages, the least susceptible weed species to glyphosate was D. tenuifolia, followed by A. barbata, L. multiflorum, and finally by C. cardunculus.
In conclusion, it is highly important to take into account that early weed herbicide applications reduce the optimal doses substantially. In this study, advanced stages required higher rates to control the weeds. In this case, lower rates (0.27 kg ae ⋅ ha -1 ) can only be used on the early vegetative stages to achieve the highest effects on the typical weeds found in SW Buenos Aires province. Recommended doses for middle vegetative stages could be approximately 0.54 kg ae ⋅ ha -1 in broadleaf species and 0.27 kg ae ⋅ ha -1 in grasses. Advanced stages would require rates of 1.08 kg ae ⋅ ha -1 to obtain an acceptable control. Interestingly, early and middle growth stages of all the species were successfully controlled with lower rates than the label dose. Advanced growth stage plants needed the recommended dose to achieve an effective control.
Interaction with 2,4-D
Glyphosate in combination with 2,4-D showed 100% control after 30 days of treatment on all the vegetative stages of the broadleaf species, similar to glyphosate applied alone at the recommended dose. Likewise, Gigón et al. (2009) obtained 96.3% control using analogous rates of glyphosate and 250 ml ⋅ ha -1 of 2,4-D. In some situations, glyphosate in combination with 2,4-D resulted in an increase in the metabolical activity, improving glyphosate transport and eventually leading to effective control (Flint and Barrett 1989) . It is generally known that neutral or antagonistic responses can also occur with herbicide mixtures (Fish et al. 2015) . In our study, the addition of 2,4-D to glyphosate did not increase the control efficacy on the tested species.
Conclusion
Glyphosate treatments are the most frequently used control techniques in SW Buenos Aires province. In order to avoid weeds escaping and enabling sustainable management, it is necessary to spray with the appropriate dose for the precise plant size and phenological stage. This study showed that plants were highly susceptible to glyphosate treatments under the sprayer conditions used in this research. While early and middle growth were easily controlled with half of the label application rate, advanced stages required the recommended dose. Moreover, the addition of 2,4-D to glyphosate did not produce any increase in the control of the broadleaf weeds. When applications are carried out correctly, glyphosate used alone at reduced rates could be a useful tool for weed control in the south west of Buenos Aires province.
